In this study we explored the possibility of using a dichoptic global motion technique to measure interocular suppression in children with amblyopia. We compared children (5-16 years old) with unilateral anisometropic and/or strabismic amblyopia to age-matched control children. Under dichoptic viewing conditions, contrast interference thresholds were determined with a global motion directiondiscrimination task. Using virtual reality goggles, high contrast signal dots were presented to the amblyopic eye, while low contrast noise dots were presented to the non-amblyopic fellow eye. The contrast of the noise dots was increased until discrimination of the motion direction of the signal dots reached chance performance. Contrast interference thresholds were significantly lower in the strabismic group than in the anisometropic and control group. Our results suggest that interocular suppression is stronger in strabismic than in anisometropic amblyopia.
Introduction
Amblyopia is a neurological developmental disorder that affects 3-5% of the population (Attebo et al., 1998; Flynn, 1991; Thompson et al., 1991; Webber & Wood, 2005) . It is clinically characterized by monocular visual acuity loss in an otherwise healthy eye, despite optimal refractive correction. The most common causes include anisometropia (difference in the refractive power between the two eyes), strabismus (misalignment between the two eyes) or a combination of both anisometropia and strabismus. Previous studies have established additional visual deficits, specifically in vernier acuity, grating acuity and contrast sensitivity, that vary according to the etiology of amblyopia (Abrahamsson & Sjöstrand, 1988; Bradley & Freeman, 1981; Campos, 1989; Leguire et al., 1989; Levi, 1991; Levi & Klein, 1982; Volkers et al., 1987) .
Binocular vision in normally sighted individuals involves equal visual input from the two eyes that is fused to produce a unitary percept of the visual environment. Binocular single vision also forms the basis for stereopsis, which represents the ability to perceive depth from binocular disparity. Suppression refers to the cortical inhibition of perception of objects in all or part of the visual field of one eye during binocular vision (Jampolsky, 1955) . In amblyopia, binocular single vision is maintained in the absence of fusion, by persistent suppression of the visual input from the amblyopic eye by the fellow eye and selectively enhancing the input from the fellow eye (Harrad, Sengpiel, & Blakemore, 1996; Sireteanu, Fronius, & Singer, 1981; von Noorden, 1985) . Suppression provides a fundamental limit to the extent to which information from the amblyopic and fellow eye can be combined. The goal of strabismic suppression is presumably to avoid diplopia or visual confusion, whereas in anisometropic amblyopia suppression serves to avoid optical blur from the more ametropic eye. While suppression is commonly detected clinically using the Worth 4-dot test 1 and Bagolini striated lens test, 2 these tests do not provide a quantitative measurement of suppression. It has been suggested that visual acuity impairment in amblyopia might result from cortical suppression by the fellow eye of the degraded visual input from the amblyopic eye (Ciuffreda, Levi, & Selenow, 1991) . Interocular suppression has been fairly well established as a mechanism for vision loss in strabismic amblyopia (Harrad, 1996; Harrad & Hess, 1992a , 1992b Harrad, Sengpiel, & Blakemore, 1996; Hess, 1996; Li et al., 2011; Popple & Levi, 2008; Pratt-Johnson & Tillson, 1984; Sireteanu, Fronius, & Singer, 1981; von Noorden, 1985) . Mower et al. (1984) showed that the loss of binocular responsive-ness of cortical cells in strabismic animals is largely reversible by ionophoretic applications of bicuculline (selective blocker of GA-BAA receptors), suggesting a functional suppression of the input from the strabismic eye (Sengpiel et al., 2006) . Recently, it has been shown that the monocular vision of adults with amblyopia can be improved after a 10-min application of repetitive transcranial magnetic stimulation to the visual cortex, suggesting that a significant part of the monocular vision loss might be suppressive in nature . Mansouri, Thompson, and Hess (2008) showed that interocular suppression prevents normal binocular combination for suprathreshold motion tasks in strabismic amblyopia. Hess, Mansouri, and Thompson (2010a) found that there was a concomitant improvement in monocular acuity of the amblyopic eye with reduction in suppression. Although some studies have shown evidence for suppression in anisometropic amblyopia (Belsunce & Sireteanu, 1991; Harrad & Hess, 1992a; Holopigian, Blake, & Greenwald, 1988; Pianta & Kalloniatis, 1998; Sireteanu, Fronius, & Singer, 1981) , the role of suppression in anisometropic amblyopia remains contentious. Holopigian, Blake, and Greenwald (1988) found weaker suppression in anisometropic compared to strabismic amblyopia, but it was not clear whether this was due to the blur in anisometropia being a less effective stimulus for suppression than the misalignment in strabismus, or to the greater depth of amblyopia in their anisometropic group. The present study may help to resolve this issue.
Occlusion therapy using an eye patch to cover the nonamblyopic eye for a few hours each day is the gold standard of treatment for amblyopia. This treatment is primarily based on the idea that vision has failed to develop appropriately in the amblyopic eye due to either under-use for a period of time or active suppression from the non-amblyopic fellow eye. However, with this approach, treatment failures are common (Clarke et al., 2003; Repka et al., 2005) . Previous studies have shown that in addition to monocular loss of visual acuity, amblyopia is frequently associated with partial or total loss of stereopsis (Asper, Crewther, & Crewther, 2000a , 2000b Goodwin & Romano, 1985; Holopigian, Blake, & Greenwald, 1986; Weakley, 2001) . Even if the monocular visual acuity loss can be recovered to some extent with occlusion, stereopsis is not always restored (Baker et al., 2007; Hess, 1996; Holopigian, Blake, & Greenwald, 1986; McKee, Levi, & Movshon, 2003; Scheiman et al., 2005) , particularly in strabismic amblyopia (Agrawal et al., 2006; Lee & Isenberg, 2003) . The persistent deficit in stereopsis in strabismic amblyopia has been attributed to active suppression of the amblyopic eye by the fellow eye (Sengpiel et al., 2006) . Recent studies have also shown that the development of stereopsis in individuals with strabismus is significantly influenced by the following: age of onset, age at alignment and the duration of constant misalignment (Birch & Wang, 2009; Fawcett, Leffler, & Birch, 2000; Uretman et al., 2007) .
Previously, Hess, Mansouri, and Thompson (2010a; also see Hess, Mansouri, & Thompson, 2010b; ) used a dichoptic global motion technique to measure interocular suppression in adults with amblyopia. Motion coherence thresholds were determined by initially presenting high contrast signal dots and variable contrast noise dots to the amblyopic and fellow eye, respectively; the procedure was then repeated, with the signal dots presented to the fellow eye and the noise dots presented to the amblyopic eye. Intensive training with this technique lead to improvement in amblyopic eye acuity as well as establishment of stereopsis, by reducing suppression in adults with strabismic amblyopia (Hess, Mansouri, & Thompson, 2010a , 2010b . The increase in visual acuity of the amblyopic eye with a decrease in suppression provides further evidence that the loss of visual acuity in amblyopia might be attributed to suppression Wong, Burkhalter, & Tychsen, 2005) . This underscores the need for tests that can quantify suppression in the amblyopic visual system.
Although dichoptic global motion training has been shown to improve amblyopic eye visual acuity and stereopsis in strabismic amblyopia (Hess, Mansouri, & Thompson, 2010a , 2010b , the technique has been limited to adults. We believe that the measurement and treatment of suppression might be more relevant for children who are within the critical period for successful amblyopia treatment. But so far the feasibility of using the dichoptic stimulus to train children has not been established. Likewise, although strabismic suppression has been well documented using the dichoptic approach, this technique has not been used to quantify nonstrabismic (anisometropic) suppression.
The rationale for using the dichoptic global motion task with a contrast component to quantify suppression in amblyopia is as follows. In normal vision, there is a distinct binocular gain for global motion processing as it is dominated by binocularly activated neurons and the binocular benefit is determined by a process that is sensitive to image contrast . In normal vision when different contrast information is presented to the two eyes, it does not matter which eye sees the signal and which sees the noise because there is a ''dichoptic balance'' in the threshold performance. In amblyopia, interocular suppression inhibits normal binocular combination for supra-threshold global motion tasks; specifically, suppression hinders the amblyopic eye while enhancing the fellow eye . Therefore, in amblyopia it matters which eye sees the signal and which eye sees the noise because there is an imbalance in the dichoptic thresholds due to suppression. Imbalancing the input to the amblyopic binocular visual system (by reducing the contrast of the noise dots seen by the fellow eye) can result in a balanced output, namely normal binocular combination. The extent of the contrast imbalance needed to achieve this balanced performance provides a measure of the degree of suppression.
The goal of the present study was to develop a child-friendly adaptation of the dichoptic stimulus to provide a quantitative measure of interocular suppression in children with strabismic or anisometropic amblyopia. We also wanted to determine the feasibility of this task for subsequent training in children with poor amblyopic eye visual acuity and poor stereoacuity.
Methods

Participants
The study was approved by the University of British Columbia Research Ethics board. Thirty-nine children (age 5-16 years) with treated unilateral anisometropic amblyopia and/or strabismic amblyopia were tested along with 20 age-matched children who served as control subjects. The initial diagnosis of amblyopia (before treatment) was established based on a two-line difference in visual acuity between the two eyes, with the best optical correction in place. The patient was considered to have anisometropic amblyopia if in addition to the visual acuity loss, the spherical equivalent difference 3 between the two eyes was ±1 dioptres in the absence of any ocular manifest deviation (Weakley, 2001) . Strabismic amblyopia was diagnosed if the patient showed any constant or intermittent manifest deviation P1 prism dioptres with an accommodative or non-accommodative involvement (PEDIG, 2003) . Aniso-strabismic amblyopia was diagnosed if the patient met the criteria for both anisometropic and strabismic amblyopia. Based on this categorization, 19 children were classified as having anisometropic amblyopia, 14 children with strabismic amblyopia and the remaining 6 with aniso-strabismic amblyopia. The comprehensive clinical details of subjects with amblyopia including visual acuity before and after treatment can be found in Tables 1 and 2 . For data analysis purposes, children with aniso-strabismic amblyopia were grouped together with children who had strabismic amblyopia (Barnes et al., 2001; Mansouri, Allen, & Hess, 2005) . Of the 39 children with amblyopia, 26 children were treated with occlusion therapy only, 2 were treated with a combination of occlusion therapy and atropine penalization, 2 were treated with glasses only, 2 were treated with strabismus surgery only and 5 were treated with both strabismus surgery and occlusion therapy. The treatment history for two subjects was not available. The initial visual acuity at the time of amblyopia diagnosis was not available for four subjects (two with anisometropic and two with strabismic amblyopia). Of the remaining 17 subjects with anisometropic amblyopia, 15 achieved better visual acuity and of the remaining 18 subjects with strabismic amblyopia, 14 achieved better visual acuity, following amblyopia treatment.
Prior to testing, parental consent and child assent were obtained. Visual acuity was measured using the Regan high contrast (96%) vision chart (Regan, 1988) . Stereo acuity was measured using the Randot Preschool test 4 (Stereo Optical Co. Inc.). Each child in the control group had best corrected decimal visual acuity (DVA) 5 of at least 1.025 (Chen et al., 2006; Dobson et al., 2009) , stereo acuity of 40 arc sec (Birch et al., 2008) and no known ocular pathology. The patient and control groups were well age-matched. The mean ages were 10.0 years in the anisometropic amblyopia group, 9.9 years in the strabismic amblyopia group and 10.3 years in the control group. A one-way ANOVA showed no significant effect of age across the three groups (F(2, 56) = 0.159, p = 0.853). The depth of amblyopia, as indicated by the visual acuity in the amblyopic eye at the time of testing, appeared to be lower in the strabismic group (mean DVA = 0.49) than in the anisometropic group (mean DVA = 0.67), but this difference did not reach significance (t(37) = À1.755, p = 0.088).
Apparatus and stimulus
The stimuli used in the present study were variations of those used by Black et al. (2011) . The stimulus was generated using a Macintosh pro Quad-Core Intel Xeon computer. Participants performed the task while wearing eMagin Z800 3D visor virtual reality goggles. The goggles feature two OLED (organic light-emitting diode) display screens that can present two independent images, thereby facilitating the presentation of separate stimuli to the left and right eye. Global motion random dot kinematograms (Newsome & Paré, 1988) were presented within 5°diameter circular display windows at the centre of the OLED displays. Each circular window was bordered by a rectangular frame to aid binocular fusion. The stimuli consisted of white dots on a homogenous mid-grey background that filled the entire display window. Individual trial duration was 1 s and within a run trials were selfpaced. The stimulus was made up of 100 non-overlapping circular (signal + noise) dots and the individual dot diameter was 0.235°. All the dots had a limited lifetime as 5% of the dots disappeared during each frame. The dot speed was 4.4°/s. Participants' responses were collected using a Logitech game pad. The session lasted for 1 h.
Procedure
Estimation of binocular motion coherence thresholds
The first step in our study was to determine the number of signal dots that are needed in order to correctly identify the global motion direction. This ensured that the stimulus for the second step (described below) was appropriate for each participant. The stimulus comprised signal dots that always moved coherently either towards the left or right and noise dots that moved in random directions at the same speed. The signal and noise dots were presented at 100% contrast. We made the task child-friendly using Disney characters from the movie ''Finding Nemo''. The participants saw a stationary image of ''Marlin-the orange fish'' on the left side and ''Dory-the blue fish'' on the right side of the stimulus display. The participant's task was to identify whether the overall direction of motion of the stimulus was towards the left or right i.e. towards ''Marlin'' or ''Dory''. Binocular motion coherence thresholds were estimated using a 3-down 1-up staircase procedure with a maximum of 150 trials or six reversals. Each staircase began with a coherence of 100% (100 signal dots, 0 noise dots). The proportion of signal dots on each successive trial was varied based on the participants' response in the previous trial. The number of signal dots was decreased by 50% before the first reversal and by 25% thereafter. Threshold was calculated as the average of the coherence level of the last five reversals. If the maximum number of trials occurred before five reversals had occurred, the staircase was repeated. The staircase converged on 79% correct performance (Levitt, 1971) . Before each staircase, square borders and central nonius lines were presented to each eye ( Fig. 1a and b) . Using the arrow keys on the gamepad the participants were instructed to move the position of the display horizontally and vertically in the amblyopic eye until both squares were aligned and the nonius lines formed a ''+'' sign in the centre of the display. Thus the alignment of the central nonius lines was used to ensure that the stimulus fields seen by the two eyes overlapped in dichoptic presentation (Fig. 1c) .
All the participants completed a practice block of 10 trials to ensure that they understood and were able to perform the task. The staircase was then repeated three times and the motion coherence threshold was taken as the average of these 3 runs. Because there were 100 dots in total, the coherence threshold translated into the number of signal dots for the second step in our study. A high motion coherence threshold meant that the participant needed a large number of signal dots to perform the dichoptic global motion task.
Estimation of dichoptic contrast interference thresholds
The second step in our study was to determine the contrast level at which the noise dots interfered with direction discrimination of the signal dots under dichoptic viewing.
Unlike previous studies (Black et al., 2011; Li et al., 2011) , the number of signal dots determined in step 1 was always presented to the amblyopic eye at 100% contrast (Fig. 2) . For the control participants, the signal dots were presented to the eye with lower visual acuity 6 if the visual acuity was equal between the two eyes, one eye was randomly chosen for signal dot presentation. 6 Although all our control subjects had DVA of 1.025 or better in both eyes, only seven of them had equal visual acuity in both eyes. For four of them the signal dots were presented to the left eye and for the remaining three the signal dots were presented to the right eye.
The noise dots with increasing contrast (15%, 20%, 40%, 60% and 100%) were presented to the fellow non-amblyopic eye or the remaining eye for the control participants. As in step 1, the task involved left-right global motion direction discrimination. The contrast of the noise dots was varied according to a 2-up 1-down staircase procedure with a maximum of 150 trials or six reversals. Within a staircase, the initial contrast of the noise dots (presented to the fellow eye) was always 0%. The contrast was increased in steps of 10% before the first reversal and 5% thereafter. Contrast interference threshold was calculated as the average of the contrast level of the last five reversals. If the maximum number of trials occurred before five reversals had occurred, the staircase was repeated. The staircase converged on 71% correct performance (Levitt, 1971) . The contrast interference thresholds were estimated by taking into account the individual variation in the number of signal dots required to perform the direction discrimination task.
The staircase was repeated four times and the contrast interference threshold was taken as the average of these 4 runs. In the presence of amblyopia it would be possible for the subjects to do the task only if the amblyopic eye was able to overcome the suppression caused by the fellow eye as the signal dots are presented only to the amblyopic eye. If the participant was unable to carry out the dichoptic task it would signify complete suppression. Consequently, lower contrast interference thresholds would indicate stronger suppression; in the absence of interocular suppression, the contrast interference threshold was expected to be close to 100%.
Results
Analysis of variance
The mean binocular motion coherence thresholds for the three groups are shown in Fig. 3 . A one-way ANOVA revealed no effect of group on motion coherence (F(2, 56) = 2.410, p = 0.099 with a small effect size f = 0. 22 7 ). Individual z-score calculations revealed the following: 13 subjects with anisometropic amblyopia and 12 subjects with strabismic amblyopia had motion coherence thresholds that fell within 1.5 standard deviations of the control-group mean. The remaining six subjects in the anisometropic amblyopia group and eight subjects in the strabismic amblyopia group had high motion coherence thresholds that were greater than 1.5 standard deviations from the control-group mean.
The mean dichoptic contrast interference thresholds for the three groups are shown in Fig. 4 . A one-way ANOVA revealed a significant effect of group on contrast interference thresholds (F(2, 56) = 23.315, p < 0.001) with a large effect size (f = 0.88, Cohen, 1988) . Posthoc Tamhane tests revealed a statistically significant difference in contrast interference thresholds between the control and the anisometropic amblyopia groups (p = 0.006; moderate effect size, f = 0.57), between the control and the strabismic amblyopia groups (p < 0.001; large effect size, f = 1.07) and between the anisometropic amblyopia and strabismic amblyopia groups (p = 0.005; moderate effect size, f = 0.54, Cohen, 1988) . To ensure that these group effects were not driven by participants with elevated motion coherence thresholds, the ANOVA was repeated after excluding the 14 participants with high motion coherence thresholds. The main effect of group on contrast interference thresholds was still significant (F(2, 42) = 11.153, p < 0.001; moderate effect size, f = 0.68), as was the difference in contrast interference threshold between the control and the strabismic amblyopia groups (p = 0.004; large effect size, f = 0.94). The differences between the control and the anisometropic amblyopia groups (p = 0.083; moderate effect size, f = 0.52) and between the anisometropic and strabismic amblyopia groups (p = 0.305; small effect size, f = 0.33) no longer reached significance.
We regrouped the participants based on the presence of binocular vision instead of amblyopia etiology (McKee, Levi, & Movshon, 2003) . All the participants who had any measurable stereo acuity on the preschool stereopsis test (800 arc sec or better) were considered to be ''binocular'' and those with stereo acuity of worse than 800 arc sec were considered to be ''non-binocular''. Based on this binocular classification, 15 out of the 19 subjects with anisometropic amblyopia were binocular and 5 out of the 20 patients with strabismic amblyopia were binocular. The mean binocular motion coherence thresholds and contrast interference thresholds for the resorted groups are shown in Figs. 5 and 6 respectively.
A one-way ANOVA revealed no significant effect of group on motion coherence thresholds (F(2, 56) = 2.460, p = 0.095 with a small effect size f = 0.22) (Fig. 5) . Poor contrast interference thresholds were apparent in the non-binocular group as opposed to the binocular group (Fig. 6) . A one-way ANOVA revealed a significant effect of group on contrast interference thresholds (F(2, 56) = 15.412, p < 0.001) with a moderate effect size (f = 0.7). Posthoc Fig. 1 . Schematic of the dichoptic display that was used to align the images between the two eyes, to ensure overlapping of stimulus fields before threshold measurements. View of the nonius lines as seen by the (a) left eye, (b) right eye and (c) combined aligned view. Fig. 2 . Schematic of the dichoptic stimulus (amblyopic and fellow eye views combined) used for estimating the contrast thresholds. The dots carrying the coherence signal (white dots in this example) were presented to the amblyopic eye at 100% contrast, while the noise dots with varying contrast (grey dots in this example) were presented to the fellow eye. The solid and dashed arrows indicate the direction of motion of the signal and noise dots, respectively.
Tamhane tests revealed a statistically significant difference in contrast interference thresholds between the control and the non-binocular group (p < 0.001; large effect size, f = 0.9) as well as the control and the binocular group (p = 0.001, moderate effect size f = 0.67). However, the difference in contrast interference thresholds between the non-binocular and the binocular group was not statistically significant (p = 0.179) and the effect size was small (f = 0.31).
To ensure that these group effects were not driven by the participants with elevated motion coherence thresholds, the ANOVA was repeated after excluding the 14 participants with z-scores greater than 1.5 standard deviations from the control-group mean. The main effect of group on contrast interference thresholds was still significant (F(2, 42) = 11.640, p < 0.001; moderate effect size, f = 0.64), as was the difference in contrast interference thresholds between the control and the non-binocular groups (p = 0.004; large effect size, f = 0.81). The differences between the control and the binocular groups (p = 0.102; moderate effect size, f = 0.57 8 ) and between the non-binocular and binocular groups (p = 0.438; small effect size, f = 0.27) no longer reached significance.
We also conducted a separate analysis to investigate the effect of treatment outcome on contrast interference thresholds. Treatment outcomes were calculated using the difference in amblyopic eye visual acuity pre-and post-treatment. Group 1 consisted of all amblyopia patients who showed any increase in amblyopic eye DVA (N = 24; 13 anisometropic and 11 strabismic amblyopia subjects) and Group 2 consisted of participants who showed no improvement or a decrease in amblyopic eye DVA (N = 11; 4 anisometropic and 7 strabismic amblyopia subjects) following treatment. Four participants were excluded from the analysis, as the data regarding their pre-treatment DVA and/or treatment details were unavailable. An independent + samples t-test showed a significant effect of group on contrast interference thresholds (t(33) = 2.379, p = 0.023). Thresholds were higher in Group 1, indicating less suppression (Fig. 7) . 
Correlation analysis
The relationship between amblyopic eye visual acuity at the time of testing, stereoacuity and contrast interference thresholds in participants with amblyopia was further examined with correlation analyses. Log MAR 9 visual acuity was used instead of DVA as it has been suggested previously that the latter might lead to erroneous results in statistical analyses (Holladay, 1997) . Children with better amblyopic eye visual acuity and better stereoacuity tended to exhibit less suppression as shown by significant, but small correlations that were found between amblyopic eye visual acuity and contrast interference thresholds (r = À0.320; p = 0.047), and between stereoacuity and contrast interference thresholds (r = À0.337; p = 0.036). However, the following correlations were not significant: between amblyopic eye visual acuity and stereoacuity (r = 0.285; p = 0.079), between interocular difference 10 in visual acuity and contrast interference thresholds (r = 0.268; p = 0.098) and between visual acuity improvement following treatment 11 and contrast interference thresholds (r = À0.308; p = 0.072).
Discussion
We have shown that the dichoptic technique can be used to effectively measure interocular suppression in children with amblyopia, even in those with poor visual acuity and stereoacuity.
Contrast interference thresholds and interocular suppression
Our results show that amblyopic subjects demonstrated a significant degree of interocular suppression as evident from their lower contrast interference thresholds relative to controls (Fig. 4) . The contrast interference thresholds were lower in the strabismic group than in the anisometropic group suggesting that there is stronger interocular suppression in strabismic compared to anisometropic amblyopia. Contrast interference thresholds were lower when stereoacuity was poorer across all participants with amblyopia (Fig. 6) .
A recent study by Li et al. (2011) suggested that there were no significant differences in the amount of suppression in strabismic and/or anisometropic amblyopia. They used the dichoptic global motion technique to measure the balance point, 12 which is a measure of the contrast reduction required for the fellow eye to match the performance of the amblyopic eye and eliminate suppression. Similar to our results, the balance point correlated significantly with stereoacuity (i.e. the better the stereoacuity, the greater the balance point contrast for the fellow eye). However, unlike our results, suppression was similar in the anisometropic and strabismic amblyopia groups. This difference between studies could be because our participants with anisometropic amblyopia on average had better stereoacuity and our participants with strabismic amblyopia had poorer stereoacuity compared to the participants in the Li et al. (2011) study.
Etiologic versus binocular subtypes of amblyopia
McKee, Levi, and Movshon (2003) found level of residual binocularity to be a better indicator of psychophysical performance across a range of tasks than the type of amblyopia. When we regrouped our subjects into binocular and non-binocular groups based on stereoacuity, we found lower contrast interference thresholds, indicating a higher degree of suppression in the nonbinocular group (Fig. 6 ). There was little evidence of suppression in the binocular group. The non-binocular group had more participants with strabismic (15 out of 19) than anisometropic amblyopia. Likewise the binocular group contained mostly children with anisometropic amblyopia (15 out of 20) who, on average, had better stereoacuity than children with strabismic amblyopia (see Tables 1 and 2). Thus, our conclusions are similar whether based on etiology or binocular subtype. Better stereoacuity indicates an increased ability for the amblyopic and fellow eyes to work together, resulting in higher contrast interference thresholds and less interocular suppression.
Previously it has been suggested that amblyopia patients who tend to have poor stereoacuity also demonstrate poor visual acuity in the amblyopic eye (Agrawal et al., 2006; Levi, 2006) . We did not find a correlation between amblyopic eye visual acuity and stereoacuity.
Effect of suppression on visual acuity in amblyopia
It has been previously suggested that the interocular suppression measured using the dichoptic technique is a direct measure of the depth of amblyopia (Hess, Mansouri, & Thompson, 2010a , 2010b i.e. the poorer the visual acuity, the greater the suppression (Agrawal et al., 2006) . In support of this suggestion, we found a weak negative correlation between amblyopic eye visual acuity and contrast interference thresholds. Li et al. (2011) found that the visual acuity difference between the amblyopic and fellow eye had a significant effect on the balance point contrast for the different types of amblyopia; the greater the acuity difference, the greater the contrast difference between the amblyopic and fellow eye. We found no correlation between interocular differences in DVA and contrast interference thresholds. However, interocular suppression was significantly lower in those who showed a positive response to treatment (Fig. 7) . Thus our results are consistent with the idea that stronger suppression is associated with deeper amblyopia. This is contrary to an earlier study that concluded that interocular suppression is stronger when visual acuity is better (weaker amblyopia) (Holopigian, Blake, & Greenwald, 1988) . There are several differences between the studies that could be important. Holopigian et al. included nine adult participants (six with strabismic and three with anisometropic amblyopia); we included 39 children (20 with strabismic and 19 with anisometropic amblyopia). Our participants had a wide range of amblyopia severity (Tables 1  and 2 ), while 8 (out of 9) participants in Holopigian et al. had visual acuity of 0.67 or better in the amblyopic eye. In Holopigian et al., participants with anisometropia were more amblyopic than those with strabismus whereas in the present study, participants with anisometropia were slightly less amblyopic than those with strabismus. Another recent study also showed that stronger suppression is associated with deeper amblyopia (Wong, Burkhalter, & Tychsen, 2005) .
Effect of occlusion therapy on suppression
Our data showed that interocular suppression was greater in children who had not responded successfully to treatment, i.e. the interocular suppression was stronger in amblyopia participants who had poor visual acuity and poor stereo acuity, even after completion of treatment. 33 out of 37 of our amblyopia subjects were treated with occlusion therapy. Occlusion therapy is intended to treat the monocular visual acuity deficit in amblyopia but it is not designed to treat interocular suppression or stereo acuity deficit. It is possible that after the eye patch is removed the fellow eye might revert back to suppressing the amblyopic eye so these children might show a poor response to occlusion therapy even after a prolonged treatment period. Earlier studies have shown that patients with pure anisometropic amblyopia show better response to treatment than those with strabismic and aniso-strabismic amblyopia (Beardsell, Clarke, & Hill, 1999; Flynn et al., 1998) . We found that when compared with anisometropic amblyopia, participants with strabismic amblyopia had lower visual acuities in their amblyopic eye, poorer stereoacuity and greater suppression, even following completion of amblyopia treatment. The greater success of occlusion therapy in anisometropic compared to strabismic amblyopia might be due to less suppression in the former group. However, we cannot assume a causal relationship between suppression and unsuccessful occlusion therapy. In particular, we do not know the effect of patient non-compliance with occlusion therapy (Lithander & Sjöstrand, 1991; Stewart et al., 2004 Stewart et al., , 2005 on our results.
Global motion deficits in amblyopia
There is growing evidence for motion perception deficits in amblyopia (Aaen-Stockdale, Constantinescu et al., 2005; Giaschi et al., 1992; Hayward et al., 2011; Ho et al., 2005 Ho et al., , 2006 Hou, Pettet, & Norcia, 2008; Kiorpes, 2006; Kiorpes, Tang, & Movshon, 2006; Simmers, Ledgeway, & Hess, 2005; Simmers et al., 2003 Simmers et al., , 2006 Thompson et al., 2011) . In some cases, deficits are found in both amblyopic and fellow eyes with monocular viewing (Aaen-Stockdale & Hess, 2008; Constantinescu et al., 2005; Giaschi et al., 1992; Hayward et al., 2011; Ho et al., 2005 Ho et al., , 2006 Simmers & Bex, 2004) , suggesting that binocular mechanisms are important for the tasks studied . Our current results are similar to those we reported previously in children (Ho et al., 2005 (Ho et al., , 2006 ; global motion deficits were present but not highly prevalent in the amblyopic group. There was no group global motion deficit, but 32% of anisometropic amblyopia and 40% of strabismic amblyopia subjects had abnormally elevated binocular motion coherence thresholds. Using the same stimulus but with dichoptic presentation, previous studies have reported global motion deficits in a small number of adults with strabismic amblyopia Hess, Mansouri, & Thompson, 2010a , 2010b Zhang et al., 2011) . In order to ensure that the reduced group contrast interference thresholds were not driven by those subjects with elevated motion coherence thresholds, the ANOVA was repeated after eliminating participants whose motion coherence thresholds exceeded 1.5 standard deviations from the control group mean. The main effect of group and the control-strabismic amblyopia group difference as well as the main effect of group and the control-non-binocular group difference were still present, thus demonstrating the validity of the dichoptic technique in measuring interocular suppression.
Clinical implications
Until recently, vision loss due to amblyopia that persists after 8 years of age was considered to be permanent. However, in recent years, several studies have shown that amblyopia therapy can be successful in older children and adults (Hess, Mansouri, & Thompson, 2010a; Levi, 2006; Mintz-Hittner & Fernandez, 2000; Mohan, Saroha, & Sharma, 2004; Waddingham et al., 2006) . Specifically it has been shown that intensive training aimed at reducing interocular suppression leads to improvement in amblyopic eye visual acuity as well as binocular vision in adults with strabismic amblyopia (Hess, Mansouri, & Thompson, 2010a) . We believe that the dichoptic technique holds promise as a new treatment option for amblyopia especially for children who are still within the sensitive period for visual development.
The dichoptic technique may also be useful for children who show a poor response to occlusion therapy. Previous studies have shown that occlusion therapy fails to restore visual acuity in nearly 30% of patients with amblyopia (Clarke et al., 2003; Repka et al., 2005; Woodruff et al., 1994) . Poor response to occlusion therapy might also lead to long-term visual impairment due to lack of alternate treatments for amblyopia. Treatments that are aimed at reducing the amblyopic eye suppression may be more effective in restoring visual acuity, especially for those patients who respond unsuccessfully to occlusion. It could also be hypothesized that amblyopia patients who demonstrate stronger interocular suppression prior to occlusion, might be poor candidates for occlusion treatment. In the future we plan to investigate this possibility. We are currently investigating whether intensive training using the dichoptic stimulus can lead to decrease in suppression and consequently to improvement of amblyopic eye visual acuity in children who show a poor response to conventional therapy.
Conclusions
The present study has significant implications for amblyopia treatment. Our study provides further evidence that suppression plays a significant role in amblyopia and that the mechanism of vision loss is different for strabismic and anisometropic amblyopia. We found that the amount of suppression was directly proportional to the degree of stereoacuity loss and that there is greater interocular suppression in children with strabismic amblyopia and/or poor stereoacuity. These children also showed a poor response to occlusion therapy, signifying a greater interference from the fellow eye towards the amblyopic eye, even after completion of treatment. As occlusion therapy is mainly designed to treat the monocular visual acuity loss and not the suppression, amblyopic subjects who show a poor response to occlusion might show a better response to alternate treatments that are aimed at reducing interocular suppression.
